Introduction
Over the last decade, micro-reaction technology has become of much interest to both academics and the process industries for the intensification of chemical processes. Due to the extremely high surface to volume ratio and the small characteristic dimension of these devices, heat and mass transfer are remarkably intensified and the temperature within can be tightly controlled. These features of microreactors are particularly interesting for fast and highly exothermic gas-liquid reactions -amongst other applications -allowing an increase in the selectivity of the reaction whilst working in safe operating conditions. Several research studies have demonstrated that gas-liquid microreactors have unique advantages for various and some typically dangerous gas-liquid reaction systems, such as gas absorption (TeGrotenhuis et al., 2000; Yue et al., 2007) , the direct synthesis of hydrogen peroxide (Inoue et al., 2007) , direct fluorination (Jahnisch et al., 2000; Chambers et al., 2001; de Mas et al., 2003) , three-phase hydrogenation reactions (Losey et al., 2001; Yeong et al., 2003; Kobayashi et al., 2004; Abdallah et al., 2004 Abdallah et al., , 2006 ) and photochemical gas-liquid reactions (Ehrich et al., 2002) .
A review of the current literature reveals that a number of different microreactors exist for implementing gas-liquid reactions and their potential for highly exothermic and difficult chemistry has been well demonstrated (see Hessel et al., 2005) . Many of the reported studies on gas-liquid flows in microreactors have concentrated on the evaluation of reaction performance, highlighting the advantages of micro-reaction technology for such applications, whereas less attention has been paid to the fundamental transport phenomena occurring and their interplay with chemical kinetics. Despite the successful demonstrations presented in the literature, controlling the flow regime and the characteristic size of the gas-liquid dispersion remains a difficult task. These parameters depend not only on the physical properties of the fluids (e.g. viscosity, density, interfacial tension) but also on the operating conditions, the geometry of the microcontactor and the properties of the construction material (e.g. wettability, roughness). Although a range of advanced experimental techniques and computational approaches exist for evaluating mixing and flow in microreactors Aubin et al., 2010) , there is still a lack of detailed engineering principles for the design and operation of gas-liquid devices.
Up until now, much research on gas-liquid flow in microchannels has been dedicated to the study of flow patterns and the construction of flow pattern maps based on superficial gas and liquid velocities in circular, rectangular and triangular crosssection (e.g. Triplett et al., 1999; Chung and Kawaji, 2004; Serizawa et al., 2002; Cubaud and Ho, 2004; Kawahara et al., 2002; Waelchli and von Rohr, 2006; Yue et al., 2007 Yue et al., , 2008 . Depending on the operating conditions, the fluid properties and the microreactor geometry, different gas-liquid flow regimes can doi:10.1016/j.ces.2011.10.036 be obtained, including bubbly flow, slug or Taylor flow, slugannular flow, annular flow and churn flow. Amongst these, slug or Taylor flow occupies the largest region on the flow regime map and appears at low to average gas and liquid flow rates. The gasliquid Taylor dispersion in microchannels is extremely regular and is characterized by bubbles separated by slugs of liquid. The bubbles occupy almost the entire channel cross-section and are separated from the channel wall by a thin liquid film. Taylor flow is considered as a promising flow regime for gas-liquid chemical reaction in microreactors for two reasons: it is generated over a large range of gas and liquid flow rates, making the process operating conditions very flexible; and the physical flow pattern provides high interfacial area and velocity fields that are extremely interesting for process intensification.
Several studies in the literature have focused specifically on the hydrodynamics of gas-liquid Taylor flow in microchannels. Some of these deal with the effects of different process parameters (e.g. gasliquid flow rates, fluid properties, microchannel geometry) on bubble formation and length using high speed visualization techniques (Garstecki et al., 2006; van Steijn et al., 2007; Yue et al., 2008; Yun et al., 2010 , Leclerc et al., 2010 , Abadie et al., 2011 . Other studies have focused on attaining detailed information on hydrodynamics of the gas-liquid dispersion. These studies have employed micro Particle Image Velocimetry (micro-PIV) (Waelchli and von Rohr, 2006; Fries et al., 2008; Günther et al., 2004) and computational fluid dynamics (Fukagata et al., 2007; Fries and von Rohr, 2009 ) to investigate the flow patterns predominantly within the liquid slug. Globally, these studies confirm the existence of the recirculation motion in the liquid slug, which can be symmetrical or asymmetrical around the center line of the microchannel depending on the operating conditions and the topological geometry of the channel. Günther et al. (2004) showed that the recirculation motion within the liquid slug in a straight channel is in general symmetrical about the channel axis, which is consistent with Taylor's, 1961 prediction for liquid circulation in segmented flows in macroscopic systems. However, close scrutiny of the flow fields indicates some slightly non-symmetrical motion and the authors have attributed this to minor surface roughness effects, which become important at small scales, and the compressibility of the gas-phase. In the case of gas-liquid flow in meandering microchannels, the same authors found that the recirculation motion is asymmetrical and the two-dimensional streamlines are shown to be open loops, suggesting a three-dimensional flow. The authors also showed that the recirculating movement improved the mixing performance in the liquid slug in both the straight and meandering geometries compared with single phase liquid mixing in a channel. Furthermore, as the asymmetry of the flow increased, the channel length required for mixing decreased. More recently, Fries et al. (2008) and Fries and von Rohr (2009) have shown that the asymmetry of the recirculation loops in liquid slugs in meandering channels depends on the channel dimensions, the radius of curvature, the turning angle, as well as the superficial velocities of the gas and liquid. In their first paper, they characterized the strength of the recirculation motion with vorticity and swirling strength calculated from the micro-PIV data. The results show that the strength of the recirculating motion can be enhanced by decreasing the radius of curvature of the channel bend. On the other hand, an increase in superficial velocity -either by increasing the flow rate or by decreasing the channel diameter -leads to an increase in the size of high vorticity zones without increasing the magnitude of vorticity. Further micro-PIV experiments and 2-dimensional CFD simulations have shown how the recirculation velocity field changes as a function of superficial velocity and the radius of curvature (Fries and von Rohr, 2009 ). The microchannel bend induces an asymmetrical flow pattern such that in some cases the recirculation loops are positioned diagonally in the liquid slug and in other cases, the outer recirculation loop splits into two or even disappears. These results all give qualitative insight into how liquid mixing is improved in gas-liquid segmented flows. von Rohr's group has also used micro-PIV to investigate the effects of the physical properties of the fluids on the recirculation of the liquid phase in gas-liquid flows in a straight microchannel (Waelchli and von Rohr, 2006) . Their results suggest that the recirculation motion within the liquid phase is affected more so by the interfacial forces than the liquid viscosity. In fact, the interfacial tension between the gas and liquid phases determines in part the shape of the leading and trailing edges of the bubbles, which in turn affects the liquid recirculation flow pattern. In a recent study, Fouilland et al. (2010) have used high speed micro-PIV to obtain liquid velocity profiles in the liquid film and/or the liquid slug in Taylor, as well as slugannular and annular flows in microchannels. In Taylor flow, they found that the highest velocities measured in the liquid film when a bubble is passing are at least 20 times less than those at the same location when a liquid slug is passing. This suggests that the liquid slug acts like a piston and significantly accelerates the liquid film that was surrounding the bubble. Once the slug has passed, the velocity of the liquid film drops back to its initial value.
The objective of this study is to better understand and characterize the recirculation motion in the liquid slug of gasliquid Taylor flow in a straight microchannel section and different shaped bends of a meandering microchannel via micro-PIV measurements. The study also aims at developing a methodology for analyzing the recirculation motion in the liquid slug and determining characteristic values such as the recirculation flow rate, velocity and time, which are necessary for better understanding of the transport processes in gas-liquid Taylor flow in microreactors and developing phenomenological models.
Experimental methods

Experimental set-up
Gas-liquid Taylor flow was generated in a rectangular crosssection microchannel. The gas and liquid phases are contacted using a side-entering T-junction geometry and the main channel has a meandering form with right-angled or curved bends, as shown in Fig. 1 . The width of the main channel, w, is 1000 mm, the width of the side entering the channel, w in , for the gas phase is 525 mm and the channel depth, h, is 400 mm. The entire length of the main channel is approximately 0.3 m. The microchannels were etched through a silicon wafer plate using the Deep Reactive Ion Etching technique and sandwiched between two Pyrex glass wafers using anodic bonding.
The liquid was fed to the main microchannel using a Harvard apparatus PHD 2000 syringe pump and the gas flow rate was controlled by a HoribaStec SEC-7320 mass flow controller. Ethanol and air at ambient temperature and pressure were used as the liquid and gas phases, respectively. Table 1 summarizes the operating conditions employed. The superficial velocities for both phases varied between 0.010 m/s and 0.042 m/s (i.e. 0.25 ml/min and 1.00 ml/min) such that the effect of different superficial velocity ratios and two phase velocity could be studied. These operating conditions correspond to liquid Reynolds numbers (based on the total superficial velocity) ranging from 8 to 32 and Capillary numbers (Ca TP ¼m L U TP /s L ) of the order of 10 À 3 . The liquid slug length varied between 0.85 and 1.45 mm and its dependency on the flow rate ratio is shown in Fig. 10 .
Visualization and micro-PIV experiments
The bubble and liquid slug lengths as well as the bubble velocities were measured using high-speed camera visualization. A Photron FASTCAM 1.1 CMOS camera was used to image the bubbles at a frame rate of 1000 fps. A Matlab program was then used to determine the bubble velocity from consecutive image pairs. For every gasliquid flow rate combination, the average bubble and slug lengths and bubble velocities were determined from a total of 1500 images.
The absolute liquid flow velocity fields in a two-dimensional plane perpendicular to the channel cross-section between two Taylor bubbles were obtained by micro-PIV. Measurements were made for several flow rate combinations in the straight section of the microchannel and for one pair of gas and liquid flow rates in the bend of the microchannel. The micro-PIV system employed consisted of a CCD camera (LaVision Imager Intense, 12-bit double exposure, 10 Hz, 1376 Â 1040 pixels 2 ), an inverted microscope (Axiovert 200M, Zeiss) and a double-pulsed Nd:YAG laser with a wavelength of 532 nm. The camera and the laser pulses were synchronized using a Programmable Timing Unit. The liquid was seeded with monodisperse rhodamine-doped polymer particles with a diameter of 2.81 mm (MicroParticles GmbH). A 5 Â objective mounted on the microscope enabled the visualization of the seeding particles in a field of view of approximately 2 Â 2 mm with an out-of-plane resolution of about 250 mm. For the velocity measurements, the focal plane of the microscope with the 5 Â objective was positioned at mid-channel height. For every combination of gas and liquid flow rates, 650 image pairs were recorded.
The absolute velocity fields were calculated using the DaVis 7 software (LaVision). Ensemble averaged velocity fields in the liquid slug for fixed bubble positions were calculated using the sum of correlation algorithm. Using this algorithm, the absolute velocity field was calculated by applying a cross-correlation between image frames in a multipass mode, that is using iterative calculations with decreasing window size from 64 Â 64 pixels 2 (2 passes) to 32 Â 32 pixels 2 (1 pass), both window sizes having 50% overlap. The relative velocity fields were determined by subtracting the bubble velocity from the absolute liquid velocity field.
Calculation of recirculation flow characteristics
The velocity fields obtained by micro-PIV were further analyzed to extract quantitative information on the recirculation flow in the liquid slug between two bubbles. In particular, approximate values of the rate of flow recirculation, the recirculation velocity and the recirculation time were determined. This information is useful for the evaluation of transport processes such mixing, and mass and heat transfer. In order to obtain this quantitative characteristic information on the recirculation flow in the liquid slug, a simplified methodology for the analysis of the twodimensional velocity data has been developed and is described below. Under the adopted simplifying assumptions, this approach provides approximate values of the recirculation characteristics, as well as insight on the evolution of these values with operating conditions that can be used for engineering design purposes.
Using the two-dimensional relative liquid velocity field measured between two bubbles, the velocity profile along a line that passes through the center of the recirculation loop is extracted and plotted against the dimensionless channel width, as shown in Fig. 2(a) . A symmetrical velocity profile is calculated as the mean of the left and right halves of the experimental velocity profile and is then Table 1 Summary of operating conditions and corresponding dimensionless numbers. fitted with a polynomial. The rate of flow recirculation is calculated by carrying out a surface integration of the velocity profile across the microchannel cross-section, similarly to what is done in conventional stirred tanks to calculate circulation induced by the mechanical impeller (Jaworski et al., 1996) . To do this, the microchannel crosssection is discretized into a number of rectangular rings with equal aspect ratios as shown in Fig. 2(b) . This is a simplified representation of the iso-velocity contours of laminar flow in a rectangular duct and reasonable approach for the scope of this study. Using the symmetrical velocity profile, a velocity is assigned to each one of the rectangular rings. In this approach, it is assumed that the velocity is same at every point in a single rectangular ring. It is true that in the case of long liquid slugs (L s /wb1), the core of the slug is assumed to have a parabolic flow profile and the theoretical velocity profile for laminar flow in rectangular ducts can be used to obtain a more accurate estimation of the quantitative recirculation characteristics. However, for liquid slugs that are approximately equal to or shorter than the characteristic dimension of the channel, there is significant interaction between the leading and trailing menisci of the liquid slug and the velocity field within the slug is modified, especially at finite values of the Reynolds number (Fujioka and Grotberg, 2004) . In such cases, the flow cannot be approximated by the usual parabolic profile and experimental or numerical data are needed to evaluate the characteristic values of the recirculation flow.
As depicted in Fig. 2 , the surface integration of the relative velocity profile generates two flow rates: a positive flow rate in central core of the microchannel, Q 1 , that is in the direction of the main flow and a negative flow rate, Q 2 , that corresponds to the recirculating liquid close to the microchannel walls. The recirculation flow rate, Q rc , is then defined as
Q 2 is equal to Q 1 if there is no liquid film and the entire volume of the liquid slug recirculates. In the case of a relatively thick liquid film, Q 2 will be greater than Q 1 . This is evidence of bypass flow in the liquid film that does not participate in the recirculation flow within the liquid slug and therefore reduces the effective recirculation volume. The average recirculation velocity is defined as
where A Q 1 is the cross-sectional area occupied by flow rate Q 1 . The characteristic recirculation time is the time required for an element of liquid to complete one revolution in the recirculating liquid slug and is calculated as
When the liquid film is very thin or inexistent, Q 2 EQ 1 and the recirculating volume V rc occupies the entire cross-section of the microchannel. In this case, V rc can be roughly approximated as the volume of liquid between two bubble caps. If Q 2 4Q 1 due to a non-negligible liquid film and the presence of bypass flow, the recirculation volume occupies only part of the microchannel cross-section. Q 2 can then be divided into two parts, Q 2,s and Q 2,f , which contribute to the recirculation in the slug and the flow in the film, respectively. When Q 2 4Q 1 , the recirculating volume V rc is defined as the sum of the volumes occupied by flow rates Q 1 and Q 2,s .
Results and discussion
3.1. Velocity fields in the liquid slug Fig. 3(a) shows the normalized liquid velocity (U abs /U TP ) profiles across the microchannel, midway between two bubbles.
The velocity profiles are very consistent for all operating conditions used and are also symmetrical about the channel center line. Fig. 3(b) shows the normalized liquid velocity profiles along the center of the liquid slug for the various operating conditions. The flow direction is from left to right, thus z n ¼0 corresponds to the axial-position in line with the bubble nose (rear end of the liquid slug) and z n ¼1 corresponds to the axial-position in line with the rear end of the bubble (liquid slug nose). These normalized velocity profiles collapse very well from z n ¼0 to z n ¼0.6 for all operating conditions, however some deviations are observed in the leading third of the liquid slug (z n ¼0.6 to z n ¼1). In a general manner, the center line velocity of the liquid slug is approximately equal to U TP at the rear of the bubble, increases to about 2U TP along the bulk of the slug and then decreases to about 1.2U TP , which is very close to U b , just in front of the following bubble nose. manner, the flow within the liquid slug is characterized by a central core of fluid moving in the direction of the main gasliquid flow and zero velocity at the front and rear end of the bubbles, which causes a reverse flow close to the microchannel walls. In a two-dimensional representation, as is the case of the vector plot shown in Fig. 4(a) , this recirculation flow behavior is characterized by two recirculation loops. In 3-dimensions, however, the recirculation motion is expected to take a torus-like shape, which is distorted somewhat according to the crosssectional shape of the microchannel. Fig. 4(b) shows the dimensionless relative velocity (U rel /U b ) profiles across the channel, midway between two bubbles for different flow rate conditions. From these profiles it is possible to determine the radial position of the vortex center, i.e. the point at which flow reversal occurs. The center of the recirculation loops in the liquid slug is defined at point where the relative liquid velocity is zero and for the range of operating conditions studied here, it is found to be at approximately y n ¼0.72. This value is in very good agreement with the theoretical value of 0.716 that is calculated using the laminar velocity profile in rectangular ducts given by Shah and London (1978) .
An example of the relative velocity fields of the liquid slug moving through a curved bend in the microchannel are presented in Fig. 5 . For this case, the direction of the gas-liquid flow is from the right to the left and the superficial velocities are U G ¼0.031 m/s and U L ¼0.031 m/s. The vector plots show that as the liquid slug goes through the bend, the recirculation patterns are modified compared with those generated in a straight section of microchannel. The flow pattern is asymmetrical with the recirculation loops positioned diagonally in the liquid slug; the circulation loop on the inner side of the bend has almost disappeared. These observations are in very good agreement with experimental and numerical work presented in the literature (Fries and von Rohr, 2009; Dogan et al., 2009) , which has also shown the effectiveness of these complex flow patterns for mixing in the liquid slug. Although the Reynolds numbers in the present experiments are low, ranging from 8 to 32, the inertial effects on the flow are non-negligible in the bends of the meandering channels. Indeed, the generation of rotating flow features -known as Dean vortices -in channel and pipe bends are well known (Dean, 1927) . Our previous work has shown that the geometry of these curved microchannels induces the formation of two Dean vortices in single phase flow in the range of Reynolds numbers studied here, thereby creating transverse and rotating flow normal to the main flow direction normal to the rotating flow of the Dean vortices. It is therefore not surprising that the combination both of these flow results in a complex three-dimensional flow, which is suggested by flow fields shown in Fig. 5 .
The effect of a right angled bend of the microchannel on the recirculation flow in the liquid slug has been investigated by measuring the liquid velocity fields in the bend for 16 different bubble positions. The bubble positions are taken at different times, expressed as a dimensionless time, t n , which is the time normalized by the bubble period. At t n ¼0, the bubble is at the entry of the observed area. Fig. 6 shows the liquid velocity fields (relative to the bubble velocity) for 9 bubble positions taken at t n intervals of approximately 0.1 and with superficial velocities U G ¼0.031 m/s and U L ¼ 0.031 m/s. The direction of the gasliquid flow is from top to right. When the bubble is just entering the microchannel bend, the recirculation flow in the liquid ahead of the bubble is somewhat similar to that observed in the straight channel section and characterized by two symmetrical circulation loops (Fig. 6(a) ). The center of the recirculation loop, i.e. where the relative velocity is zero, does not follow the right-angled shape of the microchannel bend but a more rounded path, as if the microchannel bends were curved. In the lower corner of the channel bend, the absolute liquid velocities are close to zero and are therefore depicted as vectors with a normalized relative velocity, U rel /U b , of almost À 1. As the bubble moves into and through the bend, the bubble nose starts to push the liquid in an asymmetrical manner (Fig. 6(b)-(e) ). In Fig. 6 (e) and (f) it can be seen that even when the bubble body is in the bend, the bubble does not fill the channel and a significant proportion of bend is always filled with liquid. The vector plots qualitatively show that the liquid in the channel bend moves in the vicinity of the bubble but appears to be stagnant right in the corner. A quantitative analysis of this is given further on. As the bubble starts to move out of the bend, the relative liquid velocities increase in the reversely flowing liquid in the outer side of the bend and at the rear of the bubble (Fig. 6(f)-(h) ). This is most likely due to a low pressure region created at the rear end of the bubble. As the bubble moves on, it can be seen that the recirculation flow immediately behind the bubble is more complex than that observed in the straight channel section, characterized by the formation of secondary recirculation loops close to the bubble tail (Fig. 6(h) and (i) ). However, the principal recirculation pattern follows further upstream of the bubble. It is interesting to point out that this principal circulation pattern appears to be asymmetrical, with only one apparent loop close to the outer bend. The secondary loop close to the inner corner observed in Fig. 6 (i) may in fact grow as the bubble moves down the channel to form a flow pattern that is symmetrical about the channel center line. These vector plots clearly show that the fluid flow in the microchannel bend is time dependent and highly 3-dimensional, which qualitatively explains the improved mixing observed in segmented flow in meandering channels (Günther et al., 2004) .
The vector plots in Fig. 6 qualitatively show that there is a significant zone in the microchannel corner where gas is never present and that the circulation in this zone is limited, creating to some extent a dead zone where the transport phenomena may be hindered. Analysis of the liquid velocity vector plots in this zone for the 16 bubble positions (or t n values) as shown in Fig. 7(a) that at the most, about a third of the diagonal distance across the microchannel corner (i.e. for L D o0.31) is not occupied by the gas phase when the bubble passes through the bend. In order to better quantitatively evaluate the extent of the dead zone in the microchannel bend, the normalized relative liquid velocity (U rel /U b ) profiles have been plotted along a diagonal transect in the 'liquid only' zone for the 16 different bubble positions. The value of U rel /U b is À 1 when the absolute liquid velocity is zero and is greater than zero where the liquid is moving faster than the bubble. Fig. 7(b) shows the velocity profiles along the transect for the 16 bubble positions (black lines) and the corresponding standard deviation of the velocity (dashed line). It can be seen that from the outer corner of the microchannel until approximately 10% of the diagonal distance (L D o0.1), the relative velocities are close to À 1 for all bubble positions and that the standard deviation is close to zero. For 0.1 oL D o0.25, however, there is significant variation in relative velocities depending on the bubble position. This results in an increase of the standard deviation, which then reaches a plateau at a value of approximately 0.5 for 0.25 oL D o0.31. From this analysis we consider the liquid in the microchannel corner to be stagnant when the standard deviation is less than 0.1. For the given geometry, this means that the dead zone extends to L D $0.1 and therefore only a very small zone of the corner can be considered truly stagnant. The remaining 'liquid only' zone (0.1 oL D o0.31) is not stagnant because the bubbles induce significant fluctuations in the liquid velocities and the flow direction, which are responsible for promoting mixing and mass transfer. Fig. 8(a) shows the recirculation velocity, U rc , in the liquid slug as a function of the superficial velocity ratio, U G /U L . It is clear from this figure that the recirculation velocity does not correlate with the superficial velocity ratio. On the other hand, when the recirculation velocity is plotted as a function of the two-phase superficial velocity as shown in Fig. 8(b) , all of the data collapse together. The recirculation velocity is linearly dependent on the total (gas and liquid) flow rate and thus on the two-phase superficial velocity U TP . The ensemble of data show that U rc is approximately 0.4U TP for the conditions studied here.
Recirculation characteristics of the liquid slug
The graph given in Fig. 8 (b) can also be expressed in terms of characteristic times as presented in Fig. 9 , which plots the recirculation time in the liquid slug as a function of the time required for a slug to move its own length, L s /U TP . It can be seen that the recirculation time is a linear function of L s /U TP and is therefore dependent on both the two phase flow rate and the gasto-liquid flow rate ratio since the slug length is linearly dependant on (U G /U L ) À 1 as shown in Fig. 10 following the Garstecki model for bubble lengths (Garstecki et al., 2006) .
The data in Fig. 9 show that a fluid element completes one revolution in the liquid slug in the time required for the slug to travel five times its own length, i.e. $5L s /U TP . Using a similar approach, Thulasidas et al. (1997) showed that for gas-liquid flow in capillary tubes at low Ca (o10 À 2 ), the time required for an element of fluid to move from one end of the liquid slug to the other end is constant and equal to 2.0L s /U TP . Our result is in very good agreement with that of Thulasidas et al. (1997) since it is expected that the distance from one end of the slug to the other is slightly less than half the distance required to complete a full revolution of the liquid slug. It can also be said from Fig. 9 that for a constant total flow rate, the fluid in a shorter slug will undergo a larger number of revolutions compared with a longer slug. Furthermore, for a fixed slug length, the recirculation time becomes shorter as the total flow rate increases. This suggests that short slugs at high U TP provide the most adequate recirculation conditions (high recirculation rates) for heat and mass transfer processes. However, once should keep in mind that although the fluid recirculation rate increases with increasing U TP and constant slug length, the residence time in the microchannel decreases. This means that although shorter faster moving slugs will recirculate at a higher rate, the number of revolutions made in the slug over the length of the microreactor will not necessarily increase because of the shorter time spent in the microchannel.
Using the result of Fig. 9 , it can be shown that the product of the recirculation rate and the residence time of a liquid slug in a fixed length of channel is dependent on the liquid slug length only. This is confirmed in Fig. 11 , which shows that the total number of revolutions occurring in the slug along the entire microchannel is essentially constant (the slight scattering of data is attributed to the variations in slug length, 0.85 oL s /wo1.45) regardless of the two-phase superficial velocity. This result indicates that the amount of heat or mass transferred between a liquid slug (of fixed length) and its surroundings may therefore be constant and independent of total flow rate when the transport processes are controlled by the rate of recirculation. Indeed, Gupta et al. (2010) found that heat transfer was independent of U TP for short slug lengths L s /d H $ 1, which are similar to those in this study. However, the global transport process may not always be controlled by the rate of recirculation in the slug. Leung et al. (2010) found that heat transfer is also limited by the liquid phase hold-up. They showed that heat transfer in gas-liquid Taylor flow in microchannels is at its maximum for 0.1 obo0.3 and the benefits of high recirculation rates in shorts slugs are outweighed when the amount of liquid available for heat transfer decreases below a certain limit. In a similar manner, it may be also expected that gas-liquid mass transfer be hindered if the liquid slugs are too short and therefore quickly saturated, decreasing thus the driving force for the transport process.
Although the results shown here demonstrate the independency of the recirculation rate on U TP , this need not always be the case. The observations in this study were made for certain operating conditions, e.g. very short slug lengths (L s /w$ 1), low capillary numbers (Ca$ 10 in Figs. 5 and 6, the inertia in meandering geometries can have nonnegligible effects on the flow in the liquid slug and it is expected that these flow characteristics are dependent on U TP -like is the case for single phase flow -and may therefore lead to enhanced gas-liquid transport processes. Leung et al. (2010) have also shown that heat transfer can be significantly affected by U TP in very long liquid slugs (50oL s /do250); this may be attributed to the very weak, almost inexistent internal recirculation, the slugs that may be greatly enhanced by an increase in U TP .
Conclusions
Micro-PIV measurements have been performed in gas-liquid Taylor flow in microchannels to determine the effects of flow rates and channel geometry on the liquid velocity fields. Using the flow data and a method adapted from traditional batch mixing analysis, the recirculation motion in the liquid slug has been quantified by evaluating the recirculation rate, velocity and time.
The measured velocity fields confirm the existence of circulation loops in the liquid slugs of gas-liquid Taylor flow in both straight and meandering microchannels. In the straight microchannel, the size of and the positions of the center of the recirculation loops are almost constant for the range of operating conditions investigated and they are symmetrical about the center line of the channel. In order to obtain recirculation patterns that demonstrate bypass flow with a reduced recirculation volume and vortex centers that are closer to the channel center line, the capillary number needs to be increased at least one or two orders of magnitude. This would typically require fluids with varying viscosity and/or surface tension to be used in the existing experimental setup. In meandering channels, the bends induce a highly three-dimensional flow that is non-symmetrical about the channel center line and dependent on the bubble position. A 'liquid only' zone (that is never occupied by bubbles) exists in the case of right-angled bend microchannels. This zone occupies about a third of the channel corner, however a quantitative analysis of the liquid in this area shows that the majority of the liquid in this area is in motion with fluctuating velocities. This enables us to conclude that the corner area in the microchannel is not entirely a dead zone and it is involved in heat and mass transport processes.
Quantification of the recirculating liquid slug shows that the recirculation velocity increases linearly with the two-phase superficial velocity U TP and is independent of the superficial velocity ratio U G /U L for the studied conditions. On the other hand, the recirculation time is proportional to L s /U TP and proportional to the mean residence time of the liquid slug in the microchannel. These results show that short liquid slugs at high U TP provide the highest recirculation rates but also that the number of fluid revolutions in the liquid slug of fixed length is independent of U TP during the residence time in the microchannel. Within the range of conditions studied (i.e. short slug lengths, low capillary numbers, straight microchannel section), this suggests that efficiencies of heat and mass transfer processes between a single liquid slug and its surroundings in the microchannel may be determined principally by the characteristics of the liquid slug rather than U TP . Indeed, to confirm the limits of this claim, further studies that explore the recirculation behavior at higher capillary numbers and the impact of the flow on the global heat and mass processes in the reactor will be required. 
